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ABSTRACT
Modelling Land Subsidence Due To Groundwater 
Pumping /  Recharging in The Las Vegas Valley
by
Mehmet Necmi Okuyan
Dr. James Cardie, Examination Committee Chair 
Associate Professor of Civil and Environmental Engineering 
University of Nevada Las Vegas
A model for ground settlement and swelling occurring in Las Vegas Spring 
Preserve due to groundwater level changes has been developed. A FORTRAN 
code that uses the finite element method has been prepared. The computer code 
calculates the hydraulic head in the aquifer resulting from pumping and 
recharging of the wells. The settlement or swelling of the ground level at each 
node point is calculated based on hydraulic conditions. The computed hydraulic 
head and settlement resulted between January 1990 and December 1999 have 
been compared to the observed static heads and the measured settlement.
The sensitivity of the settlement to each parameter used in the model was 
investigated. Predicted settlement values between January 2000 and December 
2004 for different pumping and pumping-recharging cycles have been calculated.
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CHAPTER 1 
INTRODUCTION
Land subsidence caused by ground-water withdrawal is a worldwide problem 
especially in urban areas where ground-water supplies are highly used. The 
rising demand for clean water increases the pumping rate of groundwater, so that 
more severe land subsidence occurs. Predicting settlement allows minimizing the 
effects of land subsidence.
Many scientists have studied land subsidence phenomena in order to 
understand it and predict its effects. The first scientific report on land subsidence 
due to fluid withdrawal was prepared by Pratt and Johnson (1926). They write: 
“beginning in 1918 it became apparent that Gaillard Peninsula (mouth of Goose 
Creek, Texas) near the center of the (oil) field, and the other nearby low land, 
was becoming submerged” . They realized that subsidence is a local 
phenomenon: “contours for the 1-year period, for which we have ample data, do 
prove conclusively that the continuing subsidence is purely a local phenomenon”, 
and that there is a relation between subsidence and fluid removal: “in our opinion 
the cause of the subsidence is to be found in the extensive extraction of oil, 
water, gas, and sand from beneath the affected area” . They also tried to explain 
the ground movement: “the pore spaces are occupied by water draining in more
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2
slowly from the adjacent clays, and it is a well-known fact that the draining of 
clays causes them to become more compact. This in turn, would permit 
subsidence of the overlying surface”.
Although, Pratt and Johnson could not establish a mathematical description for 
land subsidence, they were among the first to correlate land subsidence with fluid 
extraction. Now, subsidence due to fluid withdrawal is a well-known 
phenomenon. It has occurred all over the world due to groundwater, oil, and gas 
withdrawal.
Subsidence develops mainly under two different geologic environments. 
Carbonate rocks overlain by unconsolidated deposits characterize the first 
geologic environment. When the groundwater is pumped, hydraulic gradients 
form and unconsolidated material moves downward into openings and the 
ground surface collapses. The second is characterized by recent unconsolidated 
clastic sediments of high porosity laid down in alluvial, lacustrine, or shallow 
marine environments. In this case, the mechanism of subsidence is the 
consolidation of the clastic sediments of high porosity. The area studied in this 
thesis has the characteristics of the second type of environment.
The area investigated in this work is the main well field of the Las Vegas 
Valley Water District, located in the northwest part of Las Vegas Valley. The site 
is alluvium containing elastics ranging from fine-grained silt and clay to course 
grained sands, gravels, pebbles, and cobbles (Appendix B). The principle aquifer 
for this well area is confined and the static hydraulic gradients at different well 
locations vary between 268.0 m to 276 m.
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The main cause of subsidence at this location is the usage of wells by the Las 
Vegas Valley Water District. The pumping or recharging rate depends upon the 
water need and surface water supplies of the valley. Typically, the District is 
recharging the wells from October until April and pumping the wells during the 
remaining six months. Swelling is observed during recharge of the wells. 
Settlement occurs during the pumping period.
In the first part of this study, the Darcy ground-water flow equations are solved 
by finite element method and the results are compared to the observed hydraulic 
heads in the wells. The second part of the study includes the calculation of the 
settlement and swelling occurred in this region by using past pumping and 
recharging data obtained from Las Vegas Valley Water District. The calculated 
settlement and swelling have been compared to the values measured by 
(Amelung et al., 1999) in the valley. In the last part of the study, the nature of 
future subsidence is predicted for different possible pumping and recharging 
rates.
The purpose of this study is to develop a methodology for predicting 
settlements occurring in the main well field as well as in nearby areas. This will 
allow comparison of predicted settlement values with allowable settlement limits 
for nearby structures. If necessary, an appropriate method for minimizing the 
settlements can be chosen.
As the maximum settlement is proportional to the pumping rate, the Las Vegas 
Valley Water District can also use this study to arrange pumping values so that 
the maximum settlement will be within the allowable limits.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 2 
LITERATURE REVIEW
2.1 The causes of land subsidence
Subsidence is caused by certain mechanical and chemical processes, and the 
magnitude of subsidence depends on the type of the process as well as geologic 
settings of the area.
The causes for land subsidence can be loading of the land surface, vibrations 
at or near the land surface, compaction due to irrigation, solution due to irrigation, 
drying and shrinkage of deposits, oxidation of organic materials, decline of the 
water table, decline of artesian pressure on water sands, decline of the pressure 
in oil zones due to removal of oil and gas, and tectonic movements. (Poland and 
Davis, 1956).
The geologic settings and engineering operations that may contribute to land 
subsidence were described by (Allen, 1984) as; (1) subsurface solution, such as 
salt, gypsum, and carbonate rocks; (2) mechanical erosion; (3) lateral flow of 
subsurface materials; (4) compaction of subsurface materials due to loading, 
drainage, vibration, extraction of pore fluids, and hydro-compaction; (5) tectonic 
motions such as earthquake; and (6) mining.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.2 The Theory
2.2.1 Fundamental Approaches
Land subsidence due to ground-water withdrawal occurs because of the 
decrease of excess pore water pressure. The fundamental approach to 
subsidence modeling includes the solution of the Darcy flow equations to 
evaluate the pore water pressure and using the calculated pore water pressure to 
calculate the resulting settlement.
The first step of the fundamental approach involves the solution of the Darcy 
flow equation that describes the effect of pumping on ground-water level. This is 
based on the study done by (Theis, 1935). In this study, an analogy between the 
hydrologie conditions in an aquifer and the thermal conditions in a similar thermal 
system was established. It was found that Darcy’s law was analogous to the law 
of the flow of heat by conduction, hydraulic pressure being analogous to 
temperature, pressure-gradient to thermal gradient, permability to thermal 
conductivity, and specific yield to specific heat. Therefore the theory of heat- 
conduction developed by Fourier was applied to hydrologie theory.
The second step of the fundamental approach includes calculation of the 
settlement resulting from hydraulic head changes. The settlement of soils under 
load is caused by a mechanism called consolidation. The mathematical solution 
for the consolidation includes one-dimensional and three-dimensional theories 
derived by Terzaghi and Biot respectively.
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One-dimensional consolidation was first mathematically described by 
Terzaghi:
d^p _ d p
(21)
—  (2.2)P.g a ,
where p  is the excess pore water pressure, Cv is the coefficient of consolidation, 
3v is coefficient of compressibility, pw is density of water, ©o is the void ratio, and 
g  is the gravitational acceleration.
The equations of three-dimensional consolidation were derived using the 
variational principle with the assumed following properties of the soil; (1) isotropy 
of the material; (2) reversibility of stress-strain relations under final equilibrium 
conditions; (3) linearity of stress-strain relations; (4) small strains; (5) the water 
contained in the pores was incompressible; (6) the water might contain air 
bubbles; and (7) the water flowed through the porous skeleton according to 
Darcy’s law (Biot, 1941).
2.2.2 Development of the Fundamental Approaches
Theis’ solution for the Darcy flow equation is a widely used concept. Different 
theories for the consolidation have been proposed by different scientists. Most of 
the models are based on Terzaghi’s one-dimensional consolidation theory 
because of its simplicity. However, field and analytical studies demonstrate that 
horizontal movement can be of the same order of magnitude as vertical 
compaction (Poland and Davis, 1969). Therefore, the three-dimensional solution
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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must be used in subsidence models when the horizontal displacement is as 
important as the vertical.
Based on Slot’s model for consolidation, new mathematical models for three- 
dimensional consolidation were derived by (Gambolati, 1977) and (Bear et al., 
1981) respectively. Gambolati’s model was based on tension center concept and 
derived from Theis solution for aquifer undergoing three-dimensional 
consolidation. Bear’s model was developed on the basis of Biofs work on 
coupled three-dimensional consolidation.
The effects of different parameters on both horizontal and vertical 
displacements such as horizontal movement of aquifer and dynamic effects have 
been mathematically described by Helm. The equation of motion for the velocity 
of solid aquifer material was derived by (Helm, 1987). This derivation involved 
Biot’s simplified theory of consolidation, gravitational effects and other in-situ 
stress terms.
The mechanism of lateral movement of the aquifer towards a discharging well 
has been described by (Helm, 1994). This model was based on the relationship 
of velocity of solids and application of Darcy-Gersevanov law of water flowing 
relative to moving solids in a confined aquifer.
A general formulation for saturated aquifer deformation under dynamic and 
viscous conditions was established by (Jiangli and Helm, 1995). This governing 
equation involved multiple physical processes such as wave, diffusion, and creep 
effects.
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The set of differential equations describing horizontal and vertical 
displacements including all the effects describe above was derived by (Burbery 
and Helm, 1999). The effects of the Poisson’s ratio on vertical and horizontal 
subsidence were investigated by (Burbery and Heimt, 1999). It was concluded 
that increasing the assumed Poisson’s ratio produced greater displacements and 
compressional strains. Less displacement was produc«ed away from the pumped 
well than by smaller values of Poisson’s ratio.
2.2.3 Other Approaches
Subsidence is the most severe problem caus«ed by the underground 
operations such as mining, oil and gas extraction. Maaiy approaches other than 
the fundamental one have been done to predict and minimize subsidence effects.
In 1969, Yerkes and Castle used the “tension center” model to investigate 
surface deformation associated with oil and gas field operation in United States. 
The model assumed (1) a homogeneous, isotropic earth; (2) that all stresses 
remain within the elastic limit; (3) a spherical compacting region; and (4) a 
negligible weight for the removed material. This model' predicted a central zone 
of compression surrounded by an annular zone of tension.
Some other researchers tried to minimize factors thiat affect the accuracy of 
models while using the fundamental approach. In general, subsidence models, 
estimating total settlements simplify the variability of geologic, hydraulic, and 
deformation parameters used in the model. These parameters include error due 
to some degree of uncertainty of laboratory tests. Thes e uncertainties affect the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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accuracy and reliability of the model. Optimization methods can be used to 
determine the parameters necessary for simulating ground-water flow and land 
subsidence (Guoyun, 1995).
Parameters such as specific storage, hydraulic conductivity and soil 
compressibility change as the settlement occurs. Changes in specific storage 
may be computed explicitly from the results at the previous time step in the 
numeric algorithm of groundwater flow equation. Another approach is to implicitly 
apportion storage changes between elastic and inelastic components within a 
time step. If there is a lag time between storage changes and change in head in 
the aquifer, than another approach can be applied. Equations of horizontal flow in 
an aquifer can be coupled with equations of vertical flow in compressible inter­
beds so that storage changes and compaction can be computed within each cell 
in the compressible inter-bed. The last described approach was applied in a 
regional subsidence model by (Leake, 1990).
(Dassargues, 1995) investigated the change of the compressibility and 
permeability of the porous media due to consolidation. Variation of these 
parameters influences the further process of consolidation. It was found that with 
identical pore pressure distribution and initial parameters, the subsidence 
computed with constant parameters would overestimate when compared to those 
calculated with varying parameters.
Two other important issues in the models are time delay phenomena and 
Noodberg effect. (Esaki, 1995) used the influence function factor method where 
the Voight model had been used to deal with time delay. The influence function
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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method is a quasi three-dimensional method that can calculate displacement at a 
large number of points and the distribution of subsidence both accurately and 
efficiently. Noodberg effect (also known as reversed water level fluctuation) is the 
initial rise of the hydraulic head in the adjacent layers. The rapid change of the 
hydraulic head in an adjacent layer is attributed to three-dimensional deformation 
induced by pumping. This deformation-induced effect is analyzed using 
poroelasticity models by (Verruijt, 1969) and (Hsieh, 1996).
2.2.4 Finite Element Approaches
The finite element method is a very strong method for solution of differential 
equations. It permits modelling of complex geometrical configurations and 
arbitrary boundary conditions. The finite element method can be applied to 
subsidence analysis. The method is applicable to two or three-dimensional 
deformation and thus takes into account both horizontal and vertical 
deformations.
The equilibrium equation can be written by means of the symmetric stress 
tensor for the solid phase, hydrostatic stress in the pore fluid and the stress 
components due to body forces. The generalized Darcy’s law can be used as the 
equation of flow. These two equations can be solved by using finite element 
method to evaluate the horizontal and vertical deformations (Sandhu and Wilson, 
1969).
Another method for predicting subsidence using finite element method and the 
equation of motion for a saturated soil mass (or sedimentary aquifer material).
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equations for conservation of mass, equation of motion for pore water and 
constitutive equations of soil (or sedimentary aquifer material) was done by 
(Shimizu, 1995).
However, finite element solutions of consolidation problems exhibit oscillating 
pressures, which tend to increase as the time steps are reduced. The accuracy 
of the consolidation algorithms increases when the time steps decrease in 
magnitude. However, it can be shown that there is a lower limit for the time steps, 
below which spatial oscillations will occur. A physical explanation for the lower of 
limit of the time steps can be the fact that the beginning of the consolidation is a 
surface phenomena, with a singularity in the derivative of the excess pore 
pressures at the draining surface or at the interface between the layers with 
different permeability. It is not appropriate to approximate that by a series of 
straight-line segments. Only after consolidation has progressed deep enough into 
the medium to affect the pore stresses in the first row of the nodes inside the 
medium can be a reasonable approximation by means of straight-line segments. 
The minimum time step criterion for one-dimensional consolidation has been 
derived. This criterion may be used for two and three-dimensional consolidation 
problems as well (Vermeer and Verruijt, 1981).
The set of differential equations derived by (Biot, 1942) are usually used for 
describing the behavior of the flow field and the stress field in deforming porous 
media. However, coupled models of flow based on the solution of the Biot 
equations are not frequently used for simulating of a three-dimensional system 
because of its numeric complexity and computational difficulty of applying it to a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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real size aquifer basin. Although some authors have alerted for the numerical 
instability problem, the main reason for Biot’s equation not to be used widely is 
the lack of efficiency (Gambolati et al., 1991). Therefore, in general, scientists 
use finite element method to solve Darcy flow equation and then apply Terzaghi’s 
one-dimensional consolidation theory to evaluate settlements.
2.3 Case studies
Different cases studies use different approaches to develop a subsidence 
model. Some of these studies include experimental methods whereas some of 
them are computational. In this section some of these studies will be described.
2.3.1 Experimental and Empirical Case Studies
Experimental studies depend on comparing measured elevations of points at 
two different times. A method using fixed pipe supports was developed by 
(Dolezal and Petersen, 1960) to measure the amount of settlement due to the 
ground water withdrawal.
Now, GPS/GIS and radar technology are used for most of the case studies to 
monitor local subsidence. Land subsidence occurred in Las Vegas between April 
1992 and December 1997 was measured using interferometric synthetic aperture 
radar (INSAR) by (Amuleng, et al., 1999).
Some scientists also tried to develop an empirical relationship between some 
of the local parameters and subsidence rate. (Gabrysch, 1969) offered an 
empirical relationship between percentage of clay and total subsidence due to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
13
pressure decline based on a the case study done In the Houston -  Galveston 
Region, Texas. However, this empirical relationship depends only on data 
obtained from this case study and shows the total occurred subsidence 
independent of time.
2.3.2 Case Studies based on One-Dimensional Consolidation Theory
One-dimensional consolidation is one of the most important tools for predicting 
subsidence amount. Most of the researchers use one-dimensional consolidation 
theory for settlement analysis rather than three-dimensional because of its easy 
and accurate computational advantage. (Hwang and Wu, 1969) compared the 
result obtained by Terzaghi’s Theory one-dimensional consolidation of clay and 
Mikasa’s modified consolidation methods in the case study of Taipei Basin. No 
significant difference was noted.
Most of the scientists used quasi three-dimensional models including solution 
of the hydraulic equation in two or three dimensions and then applying one­
dimensional consolidation. A quasi 3-D model was used to simulate the land 
subsidence occurred in Mexico (Rievera, Ledoux and Marsily, 1991). The 
method assumed that all aquifers were heterogeneous and isotropic in the 
horizontal plane and all aquitards had variable thickness in the horizontal 
direction. The hydraulic parameters were functions of the vertical coordinates, 
time, and effective stress. Flow was assumed to be 2-D (horizontal) in the aquifer 
and 1-D (vertical) in the aquitards. The total land subsidence was computed as 
the sum of the compaction of each layer.
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A similar quasi 3-D finite element model was applied to the simulation and 
prediction of the land subsidence in Venice, Italy (Teatini and Gambolati, 1995). 
The model includes a nonlinear approach by means of aquitard hydraulic 
conductivity and specific storage related to the effective intergranular stress and 
solved by a block successive over relaxation (SOR) procedure with the optimal 
block SOR factor. The hydrologie response is coupled with nonlinear 1-D vertical 
compaction.
One recent subsidence study in Las Vegas was done by using a similar 
approach (Waichler and Cochran, 1991). Two sites were investigated: the first 
site located next to the Tonopah Highway, approximately 0.5 km south of the 
North Las Vegas Air Terminal and the second one in downtown Las Vegas. 
Helm’s numerical subsidence model COMPAQ, based on Terzaghi’s one­
dimensional consolidation was used in this study.
2.3.3 Case Studies based on Three-Dimensional Consolidation
Three-dimensional consolidation theory is only used when the horizontal 
movements are important such as when predicting earth fissuring. The concepts 
of earth fissuring in Las Vegas were studied by (Sheng and Helm, 1995). The 
conceptual models were described as (1 ) an aquifer with horizontal weakness 
planes; (2) an aquifer intercepted by pre-existing fault; (3) an aquifer with base 
knobs; (4) an aquifer with heterogeneities (a geometric abnormality); and (5) 
further development of a fissure.
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2.3.4 Other Case Studies
Some of the other case studies include significant effects of important factors 
on their models such as leakage from confined aquifer and creep effects. 
(Shibasaki and Shindo, 1969) studied the hydrologie balance in confined ground 
water basins for certain cases in land subsidence areas. The equation for 
hydrologie equilibrium in a particular basin was given as the summation of the 
recharge through lateral seepage flow and the recharge through leakage from 
semi-confining strata. The results of computations show that leakage is 
estimated to be about 60 — 70 % of the total recharge to the basin.
The primary and secondary consolidation data can be used for the modeling of 
the subsidence due to periodic fluctuation of the ground water levels where creep 
is an important factor. This technique includes the correlation of the change of 
the void ratio with respect to time to the compressibility, change of the pore water 
pressure and creep rate (Xiao-Yun et al., 1995).
2.4 Conclusion
In this study, a quasi three-dimensional approach has been chosen among 
the all approaches described in this chapter. The approach includes finite 
element solution of the Darcy flow equations in the horizontal plane and 
calculation of the settlements by means of one-dimensional consolidation theory 
and theory of elasticity. This method has been chosen because of two important 
reasons. The first reason is the lack of efficiency (see 2.2.4 Finite Element
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Approaches). The second reason is lack of enough geological information such 
as Young’s modulus, compression and swell index data.
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CHAPTER 3 
NUMERICAL METHOD
3.1 Flow equation
The governing equations for fluid flow in saturated media are given by (Verjuit, 
1969). A simplified derivation of this equation can be found in Appendix A. 
Writing the continuity equation for a compressible fluid in a porous media, and 
using Darcy’s law yields:
W ( ^ p ) - W  = Y ( j i P + a ) ^  = S ^ ^  (3.1)
at at
where V is the gradient operator, y is the specific weight of the fluid, K  is the 
hydraulic conductivity tensor, p  is the pressure head, W ïs source term, Sg is the 
aquifer specific elastic storage defined as
S^=Y( nP+a)  (3.2)
n being the medium porosity, p  the volumetric fluid compressibility and 
1a  = 2v2 E, (3.3)
1 -v ,  E._
the anisotropic vertical soil compressibility (Verjuit, 1969). Ei  and E2  are Young’s 
moduli in horizontal and the vertical directions respectively. Similarly, v j and V2 
are Poissons ratios in the horizontal and vertical directions, respectively.
17
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Equation (3.1) is based on the assumption that single grains of aquifer material 
are incompressible.
3.2 Solution method for the flow equation
A two-dimensional finite element method solution of the flow equation in the 
aquifer has been used for this study. The vertical pressure distribution within the 
aquifer is assumed to be hydrostatic. Finite element formulation of the governing 
flow equation has been derived using the Galerkin method. The region is 
discritized into elements.
3.2.1 Finite Element Formulation of the Governing Flow Equation 
Let p be an approximate solution of equation (3.1) on an element.
p = f ^Pj ( t )<l >/x,y)  (3.4)
y=i
where Pj(t) is only function of time, and ^  is the interpolation function, a set of 
orthogonal functions that span the solution space, and mis the number of nodes 
on an element.
Let be differential operator and solve the differential equation x! (p)=W where
- ~ Y c —
By'
The residual, R = ^  ( p )-W,  is made orthogonal to the set of weight functions w,- 
that also span the solution space (Reddy, 1984).
j j w. RdA = j j w, ( L(  p ) - W  )dA = 0 for i =1, . . . ,m (3.6)
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where A is the area of the element.
Ê  J J )  -  J J ^ - V 0 . Jm-  w;. I = 0  for /=7,...,m (3.7)
where K  is the hydraulic conductivity tensor
K  = (3.8)
and Wi is the weight function. For the Galerkin method, the set of weight functions 
Wf is the same as the set of interpolation functions <pj.
The second order term of the integral form of the governing differential 
equation can be written by using properties of the gradient operator as:
JJ W.V = JJ V ■(w. Y-WPj . )dA -  JJ ( k  - VP. ) -Ww, . dA (3.9)
A A A
Applying Green’s Theorem (Simon, 1970) to equation (3.9) yields:
JJ w.V ^  -V F .jzA  = - VPj ) - ndS -  JJ ( Y  - V P. )  - V w .dA (3 .1 0 )
A S A
where
J(w. K ■ VPj ) ■ = flux over the boundary o f the region A (3.11)
s
and S is surface of the boundary of the element. These flux terms cancel out 
between interior elements and only affect the boundary faces of elements on the 
boundaries.
Then the integral form of the differential equation (3.1) with element 
transformed from x-y to element in Ç-rj space becomes:
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dP,2  JJS,Wi((>j(det J )dÇdt]
j j (  K-V ipj )-Vw.(det J )dÇdr]
.a.
W. —̂ ( w^K ■ VPj )■ ndS
2=1 £2
+ Ê
2=1
- E
2=1
det J
dy
dC
d x
dC
dy
d Tj d Tj
for
2 0
(3.12)
(3.13)
where J  is Jacobian matrix and K  is the symmetric hydraulic conductivity tensor. 
Details of the transformation from x-y to Ç-rj are given in the following section.
3.2.2 Interpolation Function and Elements used in the computer code
The following interpolation functions have been used to define the rectangular
elements shown in Figure 3.1 :
(P, = 1 (1- 0 (1- 77) 
4
2̂ = - (1  + 0 (1- 77) 4
^3=1(1-0 (1+77)
0, = -(1  + 0(1  + 77)
(3.14)
(3.15)
(3.16)
(3.17)
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(-1.1) <>Q ----  C- 4> fi. I)
ci---------------- L
(-1. -I) (I. -I)
Figure 3.1 Node numbers of the rectangular element in Ç-r] plane
3.2.3 Transformation Function
The following Jacobian function has been calculated to convert to C ~ h 
coordinates from x-y coordinates. Applying the chain rule yields: 
d(p d(p dx 80 dy
8C dx 8C dy 8C
d(j) _ 80 8x ^  80 dy 
dr] dx dr] dy dt]
Writing this two equations in matrix notation:
[80^ dx dy [00]
ac âc ac dx ■ = [ / } 0X00 dx dy 80 00
.an. dr] dr] ay.
Similarly, chain rule can be used for dxand dy.
, dx dx ,
dC dr]
dC dr]
(3.18)
(3.19)
(3.20)
(3.21)
(3.22)
Using equation (3.13), (3.21), and (3.22), the following transformations can be 
written.
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dA =  dxdy =  det( J )dÇdT] (3.23)
In general, each element of the solution domain is a quadrilateral. The 
coordinates of the corners of the quadrilateral are (xi.yi), (xz,y2), (xa.ys) and 
(X4,y4) so that the transformation function between x-y and ^-77 can be written as:
^ = (3.24)
7=1
y = Z y A (C ,n )  (3.25)
1=1
A 6 family that approximates a weighted average of the time derivative of a 
dependent variable at two consecutive time steps can be introduced:
e jp j  + r i - e ; | p |  (3.26)
For this study, the value of 6 has been chosen as 2/3. This is known as Galerkin 
in time method. The Galerkin method can be shown to be a stable method. 
Numerical oscillations may occur, but they never become unstable (Reddy, 
1984).
Applying time step concept and necessary transformation from x-y coordinates 
to ^-77 coordinates yield:
[M + OAtD]{>}"+' = [M -(1  - d)A tD ]{P}* + 1({<2}‘ + ) -  [iy]A r (3.27)
where each element is derived as
Mg = JJ5, w, 0 . det( J )dCdv i,i=1 ,2,3,4 (3.28)
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Ay W=1,2,3,4 (3.29)
Q‘ =jy^^qnds i=1.2,3,4 (3.30)
and Qn is the outward normal flux on the boundary of the element. The equations 
over each element are then assembled for all of the elements in the domain. 
Boundary conditions are either Dirichlet or Cauchy. The assembled equations 
are solved by Newton-Raphson method.
These formulations have been used for the FORTRAN code. The integrals 
have been calculated using three-point Gauss quadrature method.
The code is a modification of an existing FORTRAN code written by Dr. Cardie 
for solution of unsteady two-dimensional unsaturated flow. The code is modified 
to handle varying boundary and initial conditions and source terms. A subroutine 
for computation of settlement is also added to this code.
3.3 Method for calculating surface deformation
Three-dimensional consolidation theory (Biot, 1940) is the one of the best way 
of calculating the surface deformation because it is capable of predicting 
horizontal displacements as well as vertical ones. However, solution of the 
coupled consolidation model is a difficult task even on modern powerful 
computers. Large uncertainties in the assessment of the soil parameters likely 
offset the expected greater accuracy of the three-dimensional model. Therefore 
one-dimensional elastic theory and Terzaghi’s consolidation theory was used for 
this study.
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3.3.1 Elastic Deformation
The deformation observed by gravel and sand layers can be modeled using 
elastic theory. It is assumed that Terzaghi’s principle of effective intergranular 
stress holds.
exx. £yy, and Szz are the principal components of the incremental volumetric 
strain e, and both p  and a  are incremental quantities for pressure and stress. 
With the help of the elastic theory and the three-dimensional form of the 
Terzaghi’s effective stress principle, the following equation can be written for a 
mechanically isotropic porous medium (Gambaloti et al, 1996):
.̂cc -^(o-yy (3.31)
l - 2 v .
(3.32)
\1 l~ 2 v
xx+(^yy.)\----- (3.33)
where E and v are the Young’s and Poisson’s moduli of the porous matrix, 
respectively, and Er and Vr are the same elastic constants for the individual 
aquifer grain.
If the strains in the horizontal x-y plane are assumed to be zero and equations 
(3.31), (3.32) and (3.33) are solved, then the following equation for the strain in z- 
direction is derived:
E
(1 2v
(1 -v ) )0'.
2E ( l - 2 v j v  
E, (1 -v )
( l - 2 v j
(3.34)
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In the model equation (3.34) has been solved for each time step in order to 
evaluate the settlement for each gravel and sand layer.
3.3.2 One-Dimensional Consolidation
Soil under load does not assume an instantaneous deflection under that load, 
but settles gradually at a variable rate. The process of settlement due to the 
gradual adaptation of soil to a load is known as soil consolidation. An explanation 
of this process was first proposed by Terzaghi. He assumes the following 
properties: (1) homogeneous and completely saturated soil layers; (2) 
incompressible mineral and water in pores; (3) Darcy’s law is valid for the flow of 
water through soil pores; (4) one dimensional (vertical) drainage and 
compression, (5) no lateral displacement; and (6) small strain.
This theory has remarkable success in predicting the settlement for many 
types of soils.
Darcy’s law states that flow rate depends on the hydraulic gradient and the 
permeability of the soil. The Darcy equation can be written as:
V = - K ^  (3.35)
oz
where Vis Darcian velocity, h is hydraulic head, and K\s permeability of the soil.
The hydraulic gradient causing flow can be related to the excess pore water 
pressure. The volume change in a differential control volume of soil must be 
equal to the difference of flow in and out of control volume during time d t
d\f = — ^ d z d t  (3.36)
P^g dz
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where c/V is the differential control volume in the each element, p  is the excess 
pore pressure, Pw is the density of water, and g is the gravitational acceleration 
(Das, 1997).
The volume change of the soil element is also related to the change in the 
effective stress by means of the coefficient of compressibility a^. We can equate 
the change in effective stress to the change in pore pressure using the effective 
stress principle:
dV = ̂ : ^ ^ d t d z  (3.37)
l  +  e„ dt
where Go is the initial void ratio for the soil.
Rearranging these two equations for the volume change yields:
d~p _  Bp
(3.38)
c „=  ^  1 + g. (3.39)
P^g «V
where p  is the excess pore water pressure, Cy is the coefficient of consolidation, 
Pw is density of water, Gq is the void ratio, and g is the gravitational acceleration.
Many different solutions using Laplace transformation or Fourier series etc. 
are available for equation (3.38) and (3.39).
For this study, an empirical relationship between hydraulic head and 
settlement described by (Gambolati, 1973) has been used. When the head 
changes Ah occurred in the time step At have been evaluated, settlement during 
At can be computed as the sum of the compaction of the individual element 
layers using the equation:
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N Q
t](At) = ^0 .4 3 4 y ,.( l-n )-4 M ,A 6 ^  (3.40)
*=i cr
where N  is the number of aquitards, specific weight of water, n the porosity, 
and Cc the compression index while Ab^ is the thickness of the kth aquitard.
Cc must be replaced by Cs (swell index) whenever soil is in expansion rather 
than compression. This depends on the sign of the change of excess pore water 
pressure. The program for each time step calculates the change of the excess 
pore water pressure and chooses either Cc or Cs to use in equation. The latter is 
usually about a tenth of the former (Gambaloti, 1973).
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CHAPTER 4
HYDROLOGY AND GEOLOGY OF LAS VEGAS
4.1 Site description
The area of investigation is located in the northwestern part of Las Vegas, 
Nevada metropolitan area. The site is bordered by Buffalo Drive on the west, 
Martin Luther King Road on the east, Craig Road on the north and Desert Inn 
Road on the south (Figure 4.1). This area has been chosen because of its 
favorable geologic and hydrologie environment for land subsidence. Significant 
decrease of hydraulic heads is the main cause of land subsidence in this area. 
Since 1914, hydraulic heads have decreased by 70 meters and resulting 1-2 
meters of subsidence has been observed in this area. This area includes the 
main well field of the Las Vegas Water District. Twenty-three wells are located in 
this area. Hydraulic data for boundary and initial conditions was obtained from 
these wells.
The soil profile of this area is varying between clay, cemented gravel, gravel, 
boulder, sand and caliche (Appendix B). Static water levels on the wells are 
varying between 268 m. and 276 m. The datum for water levels is a horizontal 
line passing through the bottom of the aquifer at the middle of the area of 
investigation. The approximate sea level elevation for the datum is 301 m.
28
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Hydraulic conductivity is available for each well, and it varies between 1.5 x 10’'̂  
and 2.1 x lO'^'m/day.
CRAIGlRD
CHEYENNE
LAKE ME \D  BLVD
WASHINGTON
(B COO) O r
CHARLE STON 5
SAHA
1 mile Area of investigation
Figure 4.1 Area of investigation
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Appendix B shows the pumping-recharging rates for each well between years 
1990 and 1999. The pumping-recharging rates show that recharging occurs 
during the September to February period and pumping occurs from March to 
August (Figure 4.2).
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Figure 4.2 Pumping recharging versus Time Period
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4.2 Geologic settings of the Las Vegas valley
The Las Vegas Valley is located in the Basin and Range geomorphic province 
in southern Nevada, and filled with Tertiary and Quaternary unconsolidated 
sediments (Cibor, 1983). Coarse-grained alluvial fan and fine-grained (paludal) 
and playa deposits are the most common Quaternary sediments in the valley. 
Through out the valley, the total alluvium thickness is over 1,225m and is at least 
1,525 m thick in the central part of the valley.
Quaternary age unconsolidated alluvial fans of 0-300 m includes clay, sand 
and gravels lies on the Las Vegas Formation and older gravels. Gravel and sand 
deposits generally grade increasingly finer (silt and clay) from west to east and 
north to south. Both Bingler (1977) and Dinger (1978) demonstrate surface 
exposures of deposits ranging from Pliocene to Holocene. Gravel and sand beds 
range from 0.3 to 7 m infrequently (Wyman et al., 1993). Bingler (1977) and Bell 
(1981) examined the deposits in the south east of Las Vegas and found that the 
dominant near-surface (upper 30 m) deposits are typically poorly to moderately 
indurated silts, sandy silts, and silty sands (rich in secondary gypsum and 
calcium carbonate). Near-surface clayey lenses also occur throughout the basin. 
Much of the fine-grained basin fill contains randomly distributed, well-cemented 
fine-grained and massive caliche layers with up to 1 m thickness. These caliche 
horizons are very hard and impermeable (Bell, 1981).
Late Pleistocene sediments include deposited limestone and lenses of fine­
grained sediments with approximately 100 m thick in the valley. Mid Pleistocene 
sediments consist of cemented gravels along the base of the Spring Mountains.
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A thick section of cemented alluvial fan gravel has been exposed by late 
Pleistocene and Holocene erosion. The Spring Mountain is the primary source of 
alluvial deposits (Cibor, 1983). Early Pleistocene deposits (0-180 m) include old 
river gravel deposits in eroded channels cutting the Muddy Creek Formation and 
alluvium and colluvium overlay Muddy Creek strata. Pliocene deposits (0-300 m) 
are called muddy Creek Formation, consisting of coarse conglomerates and 
gypsum, and salt beds.
Plio-Pleistocene basin overlying the Muddy Creek Formation is a thick 
sequence of basin-fill sediments that range in age from early Pliocene to 
Pleistocene (Table 4.1). These sediments, together with the Muddy Creek 
Formation and the hydrologie settings of the basin, are the primary elements 
controlling the magnitude and distribution of subsidence (Bell, 1981).
The Plio-Pleistocene deposits in the Valley represent a semi-continuous 
sedimentary filling. The reasons of interruption might be either non-deposition or 
erosion. Their relationship to the Muddy Greek Formation and aquifer zone is 
shown in Figure 4.3.
Miocene deposits underlying Muddy Creek Formation are called Horse 
Springs Formation (360-1,500 m) consisting of limestone, siltstone, travertine, 
magnesite, borates, gypsum, and salt beds, some basalt flows and tuff beds 
(Longwell et al., 1965; Wyman et al., 1993).
The area of investigation has the same geologic characters as those of Las 
Vegas Valley. This site is alluvium containing elastics ranging from fine-grained
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silt and clay to course grained sands, gravels, pebbles, and cobbles. The boring 
data of the wells give ample information about the geology of the study area.
The first 165 m to 183 m of the drillers logs show fine-grained sediments with 
silt and clay size material dominating. Between 95 m to 130 m below the ground 
surface there is a prominent gravel zone. Sands and gravel dominate from 183 m 
to about 305 m with variable grain size and degree of cementation.
Table 4.1. Generalized stratigraphy and time column (Bell,1981)
Geologic unit in 
Lu Vegas aiea Epoch Period Era
Age before present 
fmillions of years)
Sedimentary rocks (marine); 
dominantly sandstones 
and limestones
Sedimentary rocks (marine) ; 
dominantly carbonate 
rocks with sandstones
Igneous and metamorphic 
basement" rocks
Mesozoic
Paleozoic
Precambrian
Recent alluvium Holocene
Quaternary
Plio-Pleistocene 
Basin Fill Pleistocene
Muddy Creek Fm Pliocene
Cenozoic
Horse Spring Fm 
Thumb Fm Miocene
Intrusive (igneous).
extrusive (volcanic), and 
sedhnentary (continental 
limestone, sandstone, shale) 
rocks
pre-Miocene
Tertiary
0 .0 1 -
1.8 ■ 
5  ̂ -
22.5 -
65
-225
-570
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4.3 Hydrology of Las Vegas valley
4.3.1 Aquifers
The ground-supply In Las Vegas Valley comes from “Valley-flll Ground-water 
Reservoir” (Harrlll, 1976). This reservoir consists of unconsolidated sediments 
such as Muddy Creek Formation and correlative deposits, and the overlying Pllo- 
Plelstocene basln-flil sediments (Bell, 1981). This reservoir encompasses more 
than 1425 km^ (550 m f) and Is hundreds of meters thick.
The aquifer system was subdivided Into two components: “Near-surface 
Reservoir” and "Principal Aquifers” (Harrlll, 1976). The Near-Surface aquifer 
occurs under both unconflned and confined (artesian) conditions. Infiltration of 
sewage and of Industrial and irrigation water is the main source of this water.
Groundwater pumped from the Near-surface Reservoir Is only a small part of , 
the total water pumped In the valley. Most groundwater Is drawn from the 
Principal Aquifers. The Principal Aquifers underlie the Near-surface Reservoir 
and shows both confined and seml-conflned conditions (Bell, 1981).
4.3.2 Groundwater Flow
The Interbasin flow system in Southern Nevada can be characterized by deep 
groundwater flow system, frequently deeper than 100 m. In contrast to Interbasin 
flow system, the Las Vegas ground-water basin appears to be a shallow Intra 
basin flow system. The flow modeled by (Domenico, 1964 and Harril, 1976)
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showed that the basin discharges ground water beneath the north end of 
Frenchman Mountain.
Recharge occurs in the Spring Mountains on the west side of the valley at high 
elevations as precipitation, usually in the form of snow. The discharge occurs in 
the basin floor, under confined and semi-confined (artesian) conditions. Figure
4.4 shows the distribution of the groundwater table and major wash system in the 
valley. Figure 4.5 shows the idealized flow system in the Las Vegas Valley.
Study Area *. /
North 
Lq.s V#aa
Sonanro Rd
C narieston Bl v
Para
NOTE; 50 foot Qrouadwrafar 
contoutB after 
Kaufmann, 1976
ENOERSON
-5 0 - MEASURED GROUNDWATER 
LEVEL. CONTOURS IN FEET
Figure 4.4. Approximate distribution of shallow groundwater table and major 
wash systems in the Las Vegas Valley, based on Kaufmann and Kepper (1991) 
and Cibor (1983), from Wyman et al., (1993).
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REG IO N  O F  I 
l a t e r a l  FLOW  I DISCHARGE A R E A  > RECHARGE AREAR ECH A RG E A R E A
WEST EAST
precipitation
Frenchman MountainSpring Mountains
■ Study Area ■
■ ■
evy)tran:p iratioo ■
r " bedrock
valley fillflow  lines
lines o f equipotential
Figure 4.5. idealized flow system, Las Vegas Valley (Domenico et al., 1964)
4.3.3 Water Level Declines
The annual discharge from the Principal aquifer has gradually increased since 
major pumping activities began in the valley. The annual discharge from the 
Principal Aquifer has exceeded the annual recharge of the basin since the early 
1900s. Therefore, the net annual water level and the artesian head have dropped 
continually. The artesian head in the area of the Las Vegas Valley Water 
District’s main well field has dropped by up to 76 m (Brothers and Katzer, 1987). 
This drop in pressure has reversed the flow between the Principal Aquifers and 
the Near-surface Reservoir in the central part of the valley (Harrlll, 1976). The
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hydraulic gradient in the eastern part of the valley is still upward. Figure 4.6 
shows the measured net change of the water level till February 1973 (Harrill, 
1976).
4
b
McCu l l o u g h
RANGE
R62E
^  ApproKim «te Doundary n*»r>surface rnervo ir  
t in e  o f equal n e t w ater Icvct d e d in « . lnt«rv»J 
to  and 2 0  feet.
Cormrrzicn.- t f t  eQutfs. 3048 m
Figure 4.6 Net change in water levels, near-surface reservoir, February 1955
February 1973. (Harrill, 1976)
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CHAPTER 5 
MODELLING & RESULTS
5.1 Description of the Model
5.1.1 Boundary Conditions and Modelling Parameters
The boundary conditions for the model have been estimated from general 
hydraulic gradient in the valley (Bell, 1981) and using static water levels 
observed on the wells (W071, W023A, and AR094) located on the boundaries 
(Figure 5.1). Figure 5.1 shows the boundary conditions entered to the computer 
program and locations of the sources and the checkpoint. Datum for the 
boundary conditions is a horizontal line passing through the bottom of the aquifer 
(301 m. sea level elevation) at well W34. C-1 is the checkpoint where the
settlement between 1990-1998 is measured. Eighteen wells in the study area 
have been grouped into seven source groups (Table 5.1).
The time step used for the model is 30.42 days and 225 node points have 
been used fo r the finite element model. Each grid size in each direction is
804.5 m.
39
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Pressure heads on the boundary
Figure 5.1 Schematic Of Area Of Investigation Showing Boundary, 
Conditions, Groups Of Wells, Subsidence Measurement Point.
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Table 5.1 Sources and Associated Wells
Source Name Sources and Associated Wells
S-1 W07A, W08, W11A, and W12
S-2 W13, W14, W15A, W16, W17, W26, W27, and W34
S-3 W045
8-4 W051 and W052
8-5 W02A
8-6 W024
8-7 W01A
5.1.2 Hydrological Data and Geologic Data
Soil and hydrologie data for study area provided by Las Vegas Valley Water 
District have been entered to the computer program. A typical soil profile for the 
site consists of 20 layers of clay, caliche lenses, sand, gravel and cemented 
gravel (Appendix B). The measured hydrologie conductivity for the study area is 
1.725 X 10'"̂  m/s (Donovan, 1996). The static hydraulic heads on the boundary 
are used as the boundary conditions. A control point for checking the validity of 
the program, has been chosen from (Amuleng, 1999)’s study (Figure 5.1).
Initial conditions for each node point in the program have been calculated by 
linear interpolation. The system is assumed steady-state at the initial time. 
Eighteen wells in the study area have been grouped into seven groups. Each
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group is modeled as a source or sink. Actual pumping/recharging values from 
the 1990-1999 time period have been entered to the program (Appendix B).
5.2 Sensitivity Analysis
The influence of different parameters on the maximum settlement is 
investigated by computing the sensitivities of the maximum settlement with 
respect to these parameters. Each variable is tested with the value used in the 
model. Then the values of the each variable at the limits of acceptable range are 
tested.
The sensitivity analyses are based on a simplified stratigraphie profile (Table 
5.2). This simplified profile is chosen in order to determine clearly sensitivity of 
the maximum settlement to each model parameter.
The effects of each variable on the maximum total settlement in this three 
layer-model are observed. Table 5.3 shows the input values entered to the 
computer code for modelling parameters.
The maximum settlement is calculated as 3.95 cm. Then each of these 
parameters was changed within the physically allowable limits and the program is 
executed, all the other parameters remain set to initial values. The sensitivity of 
the maximum settlement to each of the parameter is given below.
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Soil Type From To Depth
Gravel, Clay, and some caliche lenses 0 m. 91.4 m 91.4 m
Gravel 91.4 m 261.8 170.4 m
Clay 261.8 m 304.0 m 42.2 m
Table 5.3 Model Parameters Used in the Sensitivity Analysis
Model Parameter Value Entered to the Model
Hydraulic conductivity 1.725 X 10 s m/s,
Porosity 0.4
Poisson’s ratio 0.35
Young’s modulus 2.2 X 10^ kg/m^
Compression index 0.45
Swell Index 0.045
5.2.1 Compression Index
The compression index only appears in the consolidation equation (3.40) 
and, as expected, the relationship is linear. Figure 5.2 shows the sensitivity of the 
maximum settlement to the compression index.
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Maximum Settlement vs.Compression Index 
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Figure 5.2 Maximum Settlement vs. Compression Index
5.2.2 Depth of the clay layer
The depth of the clay layer affects the consolidation. The consolidation 
settlement calculated in equation (3.40) is inversely proportional to the effective 
stress and effective stress is directly proportional to the depth. Figure 5.3 shows 
the relationship between the depths of the clay layer versus maximum 
settlements.
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Maximum Settlement vs. Depth of the Clay Layer
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Figure 5.3 Maximum Settlement vs. Depth of the Clay
5.2.3 Hydraulic Conductivity
Hydraulic conductivity only affects the fluid flow equation (3.1). The 
differential equation states that the time derivative of the excess pore water 
pressure is linearly proportional to the second spatial derivative of the pore water 
pressure with a constant K, hydraulic conductivity. Therefore the effect of the 
hydraulic conductivity on maximum settlement is exponential as shown in 
Figure 5.4.
The effect of the hydraulic conductivity can be described physically. 
Decreasing the hydraulic conductivity will decrease the flow of the fluid from far 
locations to the well. Therefore larger local settlement will be observed. The 
reverse is also true. Increase of the hydraulic conductivity will allow the impact of
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the fluid withdrawal to distribute in a larger area and hence less local settlement 
will occur near the well but settlement will extend over a larger area.
Maximum Settlement vs. Hydraulic Conductivity 
O.OOE+OO 5.00E-05 1.00E-04 1.50E-04 2.00E-04
-20 -
-40 -
-50 -
-60
Hydraulic conductivity, K, (m/s)
Figure 5.4 Maximum Settlement versus Hydraulic Conductivity
5.2.4 Poisson’s Ratio
Poisson’s ratio affects equation (3.34) where the elastic settlement of the soil 
layer is calculated. The effect of Poisson’s ratio is investigated within the physical 
range of the soil (0.25 < v  < 0.5). The Figure 5.5 shows the relationship between 
Poisson’s ratio and maximum settlement.
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Maximum Settlement vs. Poisson's Ratio 
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Figure 5.5 Maximum Settlement versus Poisson's Ratio
5.2.5 Porosity
Porosity affects the model both In the flow equation (3.1) and in the 
consolidation settlement (3.40). The effect of the porosity Is shown in the Figure 
5.6.
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Maximum Settlement vs. Porosity
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Figure 5.6 Maximum Settlement versus Porosity
5.2.6 Young’s Modulus
Young’s Modulus is involved in the model in two places. The first one is the 
flow equation (3.1) where a, the soil compressibility is inversely proportional to 
the Young’s modulus. The second place is the calculation of the elastic 
settlement. Figure 5.7 shows the relation between the maximum settlement and 
the Young’s modulus.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
49
Maximum Settlement vs. E
5000000 10000000 15000000 20000000
- i n
c  ■
CO -
<0 -
Figure 5.7 Maximum Settlement versus Young’s Modulus
5.2.7 Ratio of the Compression Index to Swell Index
The sensitivity of the model to the ratio of compression Index to swell Index 
(Cc/Cs) has been Investigated (Figure 5.8). The relationship between the cyCg 
and maximum settlement Is linear.
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Settlement vs. Cc /  Cs
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Figure 5.8 Settlement versus Compression Index/Swell Index
5.2.8 Tuning Parameter
The sensitivity analyses show that the settlement amount has high sensitivity 
for all parameters. However, hydraulic conductivity values are available for each 
well location. Compression Index, Poisson’s ratio, porosity, ratio of the 
compression Index to swell Index have either narrow range of values for the 
representative soil profile of this area or their contribution to maximum settlement 
is limited. Most of these parameters appear only either In flow or ground 
displacement equations. Whereas, Young’s modulus Is Involved In the model In 
both governing flow equations and elastic deformation. The value range of
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Young’s modulus and its effects on settlement is wider than any parameter 
Therefore, Young’s modulus is chosen as tuning parameter in this model.
5.3 Modelling Results (1990-1999)
The validity of the model Is checked and tuned by comparing observed and 
calculated hydraulic pressures at the well locations during the time period 
between January 1990 and December 1999. The resulting observed settlement 
at the checkpoint Is compared with the calculated settlement. Young’s modulus Is 
used as a tuning parameter.
5.3.1 Model Results between 1990 and 1998
The hydrologie equation has been solved using the boundary conditions 
described In section 5.1.1. The model between January 1990 and December 
1998 showed a good match with the observed water levels. Calculated and 
observed hydraulic heads above datum are compared In Figure 5.9, 5.10 and 
5.11.
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Water Level versus Time (W34)
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Figure 5.9 Calculated and Observed Water Levels at Well W34
Water Level versus Time (W07A)
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Figure 5.10 Calculated and Observed Water Levels at Well W07A
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Water Level versus Time (W45)
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Figure 5.11 Calculated and Observed Water Levels at Well W45
5.3.2 Subsidence between 1990 and 1998
Even though the total pumping is higher than the total recharging amount 
(Appendix B), hydraulic head increases by 12-14 m. during 1990-1998 time 
period. The offsite recharge must be the cause of this increase. Swelling is 
calculated and observed in the site. The model has calculated the maximum 
swelling during this time as 14.4cm. The distribution of the hydraulic heads and 
settlement in the study area are shown in Figure 5.12 and Figure 5.13, 
respectively. The calculated and measured swelling at the checkpoint during this 
period is 4.2 cm. Negative ground displacement means settlement whereas 
positive ground displacement is swelling.
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Figure 5.12 Hydraulic Heads Calculated at the Area of Investigation as of
December 1998.
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Node Point vs. Swelling
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Figure 5.13 Calculated Swell (cm) vs. Node Points from January 1990 to the end 
of December 1998. (Positive values means swelling)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
56
5.3.3. Subsidence between 1998-1999
The model is executed with the pumping /  recharging data obtained from the 
Las Vegas Valley Water District. The water level change calculated by the 
program after a year matches the measured water level. Between December 
1998 and December 1999, the water level calculated at well W34 increases by
1.3 m and for the same period 1.0 m water level increases observed at the same 
well location. The maximum ground displacement is observed in this area is 1.0 
cm and the calculated maximum swelling at this site is approximately 1.2 cm. 
The distribution of the hydraulic heads and settlement during this period is shown 
in Figure 5.14 and Figure 5.15 respectively.
■
11263 m
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Figure 5.14 Hydraulic Heads at the Area of Investigation as of 1999
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Figure 5.15 Calculated Swelling at the Area of Investigation starting from 
January 1999 to the end of December 1999
5.4 Modelling Results (January 2000- December 2004)
The model developed has been used for different future pumping/recharging 
values. Five different scenarios: (1) constant pumping; (2) constant recharging; 
(3) six month of pumping followed by six month of no recharging; (4) six month of
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recharging followed by six month of no pumping; (5) six month of pumping 
followed by six month of recharging, have been simulated to predict future 
subsidence amount. The results of each of these scenarios have been compared 
to the resulting settlement occurring with no pumping, no recharging on each plot 
during this time period.
The model results presented on the graphs are the settlement occurring on a 
south-north direction line where the maximum settlement observed. The line is 
11,263 m. (7 miles) long. This line (A-A') also passes through two source/sink 
points where the maximum recharge/pump occurred (Figure 5.1).
5.4.1 Constant Pumping
The predicted settlement at the end of the year 2004 with different constant 
pumping rates is shown in Figure 5.16. Each well is pumped at a constant rate 
shown in Figure 5.16. Positive settlement means swelling. Constant pumping 
rate have been used for this simulation.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
59
Settlement under Constant Pumping
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Figure 5.16 Settlement (Constant Pumping) as of December 2004(starting
from January 2000).
5.4.2 Constant Recharging
The effects of constant recharging of the settlement for different recharging 
values are shown In Figure 5.17. For this simulation constant recharging during 
have been used. Each well is recharged at a constant rate shown in Figure 5.17. 
Positive settlement means swelling.
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Settlement (Constant Recharging)
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Figure 5.17 Settlement (Constant Recharging) as of December 2004 (starting
from January 2000).
5.4.3 Pumping Followed by Recharging
The effect of the pumping followed by recharging can be seen in Figure 5.18. 
The maximum swelling rate is increasing as the pumping/recharging rate is 
increasing. Each well is pumped/recharged at a rate shown in Figure 5.18. 
Positive settlement means swelling.
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Settlement (Six Months of Pumping Followed by Six 
Monîths of Recharging)
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Figure 5.18 Settlement under Six Mo nths of Pumping Followed by Six Months of 
Recharging as of December 2004 (starting from January 2000).
5.4.4 Pumping Followed by No Recharging
The result for pumping followed b y  no recharging has similar effect as no 
pumping/recharging (Figure 5.19). Th*e water level is increasing due to boundary 
conditions and the decrease on water level during pumping period is 
compensated during the no pumping period.
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Settlement (Six Months of Pumping Followed by Six 
Months of No-Recharging)
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Figure 5.19 Six Months of Pumping Followed by Six Months of No-Recharging 
as of December 2004 (starting from January 2000).
5.4.5 No-Pumping Followed by Recharging
The effect of the no pumping followed by recharging is in Figure 5.15. As 
expected the recharging cycles decreases the maximum settlement but not as 
much as constant recharging.
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Settlement (Six Months of No-Pumping Followed 
by Six Months of Recharging)
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Figure 5.20 Six Months of No-Pumping Followed by Six Months of Recharging as 
of December 2004 (starting from January 2000).
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CHAPTER 6 
CONCLUSIONS & RECOMMENDATIONS
The uncertainty of many parameters used in modelling of natural systems 
increases the uncertainty of the model itself. Therefore, the model has to be 
tuned to represent the system. In this case, the model is tuned so that the 
calculated values in the model match with measured values.
This study examined the effect of each model parameter on the prediction of 
land subsidence. The effects of model parameters, namely, the hydraulic 
conductivity, pumping/recharging rate. Young’s modulus, Poisson's ratio, the 
compression index, the swell index, and the depth of layers on the maximum 
settlement were investigated. Each of these parameters has significant effect on 
the maximum settlement amount. The model was tuned by adjusting Young's 
modulus as they effects both in flow and settlement equations.
The boundary and initial values entered to the program also have significant 
effect on the maximum settlement. This effect can be seen by the swell that 
occurred during the 1990-1998 period. Even though amount of pumping was 
twice the recharge, significant swelling (4-14 cm) was observed in this area. The 
swelling was probably caused by flow into the site driven by the hydraulic 
gradient of the valley. The total amount of pumping in the valley during this
64
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period has significantly decreased. The hydraulic heads have increased starting 
from the west side of the valley. This increase of the water level has affected the 
area of investigation. The water level in the area of investigation has increased 
even though the total amount of well pumping is more than well recharge. 
However, resulting swelling occurred in the area of investigation is not as high as 
swelling expected within a site that has similar soil profile. This can be explained 
by the rock, and caliche layers in the subsoil. These stiff layers limit the 
swelling/settlement effect by acting like beams. Higher Young’s modulus 
matched the computed hydraulic heads and swelling with the measured hydraulic 
heads and swelling.
During the year 1999, continued swelling has been observed in the area of 
the investigation. This swelling effect will continue to be observed for few more 
years in the future as a new equilibrium between the total recharge of the valley 
from the mountains and the total pumping in the valley is established.
In the last part of the study, effects of five different scenarios: (1) constant 
pumping; (2) constant recharging; (3) six month of pumping followed by six 
month of no recharging; (4) six month of recharging followed by six month of no 
pumping; (5) six month of pumping followed by six month of recharging, have 
been investigated. Constant recharging, six month of recharging followed by six 
month of no pumping, and six month of pumping followed by six month of 
recharging increase the amount of swelling whereas constant pumping 
decreases swelling. The simulation results showed that six month of pumping 
followed by six month of no recharging has no significant effect on swelling. Las
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Vegas Valley W ater District can use such a pumping/recharging cycle to 
minimize swelling occurring in this site.
Using variable parameters for the hydraulic conductivity, elastic storage, 
compression index, swell index, and Young’s modulus can improve results. 
However, the most significant improvement can be expected if more accurately 
measured values for hydraulic conductivity, elastic storage, compression index, 
swell index, and Young’s modulus are used in the model. If measured values for 
model parameters were used and the site stratigraphy were well established, a 
three-dimensional model could yield more accurate results.
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APPENDIX A
SIMPLIFIED DERIVATION OF GOVERNING FLOW EQUATION
67
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The following derivation is reproduced from (Bear, 1979) for convenience of 
the reader. Let the vector J* denote the mass flux of fluid density p at point 
P(x.y.z).
J* = pq (Eq.1)
Sx
Figure 1 Mass conservation for control volume
Flux for a cubic element for each side of the element can be written as seen in 
Figure 1. The excess of inflow over outflow mass during a short time interval 
& through the surfaces can be added. Arranging of these total flux terms yield:
J ̂ *\x - 5x I 2,y ,z -  J + 5x I z,y ,z
5x ■8x5y8zSt
8y
+ -  J . &_/ 2
8z
(Eq.2)
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where Sxôyôz = SU is the volume of the box. By dividing (Eq.2) by SUSt we will 
obtain the mass inflow over outflow per unit volume of porous medium without 
sink and source effect and per time as:
totalflux = —divj * (Eq.3)
The source term for this cubic element can be written as:
where IV is the source term, Sr is pumping/recharging rate, B is the thickness of 
the aquifer.
By principle of mass conservation, the excess of mass as expressed by (Eq.2) 
and (Eq.3) must be equal to the change of the mass, m, during &  within the box. 
This mass accumulation in the box can be expressed as
^  L= [ipn) - ip n )  |,]5Z7 (Eq.5)
Re-arranging (Eq.3) and letting &  ^  Owe can now state the mass balance as
-  divipq) -pW = (Eq.6)at
with each side of the equation expressing added mass of water per unit volume 
and unit volume of porous medium around P.
With assumption o f p  = p ip )  only
dipn) dn dp= p  \-n—  = ^ dn dp^Idt dt dt 
and defining com pressibility of water, /3 as
(Eq.8)
p dp
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and anisotropic soil compressibility, or as
where n is porosity, p  is pressure head, and p  is unit mass.
Piezometric head, p * , can be written as
(Bear, 1979) assumes
1. The velocity of the solids is so small (with respect to q/n) that q in (Eq.5) 
can be expressed by Darcy’s law.
2. K \s a constant, although p = p(p) or, if the medium is inhomogeneous, K  
varies in space independent of variability of p.
3. {a ( l-n )  + and K  are unaffected by variations in n due to matrix 
deformability. It is assumed that these variations are small relative to the 
initial n. The same is true for p.
4. q • gradp «  ndp / dt so that (Eq.5) actually reduces to pdivq-\-dCpn)/dt = 0 
that is, we assume that spatial variations in p are much sm aller than the 
local, temporal ones.
Under these assumptions and taking into account the velocity of solids, we 
obtain:
— divq = div{K ■ gradtp *) = KV^p* = (a + nfi) +W  (Eq.11)
ot
KV-p = (a + n ^ ) ^  + W (E q .l2 )
dt
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SAMPLE HYDROLOGIC AND GEOLOGIC DATA OF THE WELLS
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PUMPING/RECHARGING RATES (m%r) OF THE WELLS (part 1)
Weil
name
S86-
M87
M87-
S87
S87-
M88
M88-
S88
S88-
M89
M89-
S89
S89-
M90
M90-
S90
W7A 0 385.968 0 0 0 613.008 -306.504 567.6
W08 0 0 0 0 0 0 0 0
W1A 0 0 488.136 533.544 0 578.952 -340.56 533.544
W12 363.264 340.56 0 340.56 363.264 340.56 0 408.672
W13 374.616 385.968 363.264 363.264 0 385.968 -317.856 317.856
W14 408.672 363.264 340.56 385.968 0 488.136 -272.448 454.08
W15A 0 499.488 0 499.488 0 454.08 -544.896 385.968
W16 0 385.968 0 351.912 -431.376 363.264 -431.376 340.56
W17 0 454.08 -385.968 442.788 0 476.784 0 385.968
W26 0 363.264 0 363.264 0 351.912 -295.152 431.376
W27 0 385.968 0 374.616 0 317.856 0 454.08
W34 0 204.336 0 0 0 340.56 -181.632 295.152
W024 0 644.68 624.25 669.65 0 669.65 0 692.35
W01A 0 431.3 419.95 0 0 0 0 363.2
W02A 0 0 508.48 508.48 508.48 508.48 499.4 463.08
W051 454 465.35 413.3 419.95 0 510.75 0 510.75
W052 408.6 0 0 261.05 0 0 0 454
W045 357.525 0 0 408.6 340.5 329.15 340.5 363.2
Total 2366.68 5310.19 2771.97 5923.13 780.868 6729.11 -1850.52 7421.44
S96-M97 represents the period between September 96-March 97 and the 
pump/recharge rates are in m % r.
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PUMPING/RECHARGING RATES (m%r) OF THE WELLS (part 2)
Well
name
S90-
M91
M91-
S91
S91-
M92
M92-
S92
S92-
M93
M93-
S93
S93-
M94
M94-
S94
W7A -317.856 567.6 -317.856 556.248 -340.56 522J92 0 522.192
W08 0 0 0 0 -227.04 -147.576 -136.224 0
W11A -340.56 476.784 -340.56 454.08 -227.04 385.968 -249.744 408.672
W12 -317.856 385.968 -249.744 476.784 -272.448 442.78 -227.04 431.376
W13 -295.152 340.56 -272.448 340.56 -249.744 317.856 -113.52 158.928
W14 -249.744 454.08 -249.744 454.08 -227.04 454.08 -249.744 454.08
W15A -499.488 340.56 -454.08 227.04 -431.676 340.56 -431.376 227.04
W16 -363.264 340.56 -363.264 317.856 -340.56 295.152 -329.208 329.208
W17 -431.376 363.264 -420.024 295.152 -431.376 0 -295.152 476.784
W26 -295.152 351.912 -306.504 227.04 -272.448 0 -261.096 408.672
W27 -283.8 476.784 -261.096 499.488 -272.448 0 -272.448 499.488
W34 -204.336 431.376 -238.392 317.856 -181.632 317.856 -158.928 317.856
W024 692.35 692.35 0 612.9 -476.7 554.8 -419.95 510.75
W01A -283.75 499.4 -272.4 476.7 -272.4 472.16 -236.08 454
W02A 0 544.8 0 522.1 0 476.7 -249.7 472.16
W051 0 522.1 0 510.75 -295.1 465.35 -272.4 454
W052 0 510.75 0 522.1 -192.95 431.3 -215.65 442.65
W045 363.2 385.9 0 510.75 -317.8 0 -272.4 476.7
Total -2826.78 7684.748 -3746.11 7321.4841 -5028.96 5329.18 -4390.66 7044.56
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PUMPING/RECHARGING RATES (m%r) OF THE WELLS (part 3)
Well
name
S94-
M95
M95-
S95
S95-
M96
M96-
S96
S96-
M97
M97-
S97
S97-
M98
M98-
S98
S98-
M99
W7A -261.096 533.544 -272.446 533.544 -261.096 533.544 -227.04 0 -227.04
W08 -124.872 0 -124.872 0 -79.464 0 -56.76 0 -68.112
W11A -249.744 454.08 -283.8 454.08 -249.744 559.488 -272.448 0 -272.448
W12 -204.336 374.616 -204.336 385.968 -204.336 0 -272.448 0 -272.448
W13 -113.52 0 -249.744 385.968 -272.448 385.968 -295.152 0 -249.744
W14 -249.744 454.08 -272.448 454.08 0 476.784 -249.744 499.488 -249.744
W15A -431.376 522.192 -454.08 431.376 -431.376 476.784 -385.968 476.784 -408.672
W16 -363.264 306.504 -340.56 329.208 -397.32 329.208 -329.208 351.912 -351.912
W17 -295.152 431.376 -283.8 454.08 0 476.784 -295.152 488.136 -306.504
W26 0 363.264 -295.152 363.264 -295.152 397.32 -295.152 408.672 -295.152
W27 -277.448 499.488 -277.448 499.488 -295.152 499.488 -227.04 510.84 -272.448
W34 -170.28 295.152 0 317.856 -158.928 340.56 -158.928 0 -68.112
W024 -408.6 488.05 408.6 0 -408.6 476.7 -385.9 454 -385.9
W01A -236.08 444.92 -249.7 444.92 -340.5 444.92 -340.5 444.92 -326.88
W02A -249.7 454 -249.7 454 -249.7 0 -249.7 0 -295.1
W051 -272.4 454 -272.4 442.65 -283.75 442.65 -283.75 522.1 -283.75
W052 -227 374.55 -227 385.9 0 385.9 -181.6 363.2 -227
W045 -295.1 476.7 -283.75 465.35 -295.1 0 -283.75 465.35 -283.75
Total •4429.71 5926.52 -3932.64 6801.73 -4222.67 6226.1 •4790.24 4985.4 -4844.72
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SOIL PROFILE OF WELL W1
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1^0
Lime rock 0.0 7.0 7.0
Gypsum 7.0 9.1 2.1
Lime rock 9.1 9.8 0.6
Gypsum 9.8 16.8 7.0
Lime rock 16.8 17.7 0.9
Clay 17.7 38.1 20.4
Lime rock 38.1 39.6 1.5
Clay 39.6 71.6 32.0
Lime rock 71.6 72.5 0.9
Clay-lime-shale 72.5 76.8 4.3
Lime rock 76.8 78.0 1.2
Clay 78.0 88.4 10.4
Gravel & boulders 88.4 127.4 39.0
Clay 127.4 133.8 6.4
Gravel 133.8 137.2 3.4
Lime rock 137.2 144.5 7.3
Clay 144.5 170.7 26.2
Cement gravel 170.7 193.5 22.9
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Fine sand 0.0 0.6 0.6
Limestone 0.6 0.9 0.3
Silica sand-packed 0.9 25.3 24.4
Silica sand-loose 25.3 70.1 44.8
Red clay 70.1 79.2 9.1
Limestone 79.2 80.2 0.9
Clay & limestone, 
streaks 80.2 99.1 18.9
Gravel, light flow 99.1 103.0 4.0
Clay & gravel, flow 
between 12" & 16" 103.0 124.1 21.0
Limestone 124.1 125.9 1.8
Clay 125.9 128.9 3.0
Limestone 128.9 130.1 1.2
Silica sand (very fine) 130.1 133.8 3.7
Clay broken lime rock 133.8 137.2 3.4
Silica sand (fine) 137.2 140.5 3.4
Limestone 140.5 148.7 8.2
Clay (red) 148.7 175.3 26.5
Cemented gravel 175.3 244.4 69.2
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Top soil 0.0 0.3 0.3
Caliche and clay 0.3 4.6 4.3
Very hard caliche 4.6 6.1 1.5
Light brown clay and streaks of caliche 6.1 68.6 62.5
Hard red clay and caliche 68.6 75.0 6.4
Brown clay, some gravel to 1/4" 75.0 76.8 1.8
Sticky red clay 76.8 88.4 11.6
Gravel to 1 " and brown clay very hard 88.4 93.0 4.6
Cemented gravel to 3" 93.0 103.6 10.7
Loose gravel to 6" 103.6 112.2 8.5
Red silty clay and streaks of caliche 112.2 123.7 11.6
Cemented gravel 123.7 126.8 3.0
Hard red clay and streaks of caliche 126.8 160.9 34.1
Red silty clay, some gravel to 1/4" 160.9 167.0 6.1
Sand and gravel to 4" 167.0 196.3 29.3
Tight sand and gravel to 8" 196.3 209.7 13.4
Tight silty sand and gravel to 4" 209.7 219.5 9.8
Gravel to 4", red silty sand and caliche 219.5 224.3 4.9
Very hard brown clay gravel embedded 224.3 229.2 4.9
Tight brown silty sand and gravel to 3" 229.2 242.6 13.4
Sand and gravel to 2", some brown clay 242.6 245.1 2.4
Silty sand and gravel to 6" and streaks of caliche 245.1 248.7 3.7
Brown clay, some gravel 248.7 254.2 5.5
Cemented sand, gravel and brown clay 254.2 258.5 4.3
Tight sand and gravel to 3" 258.5 265.2 6.7
Cemented sand, gravel and brown clay 265.2 268.2 3.0
Brown silty clay, some gravel 268.2 272.5 4.3
Sand and gravel to 3" and streaks of brown clay 272.5 279.2 6.7
Hard brown clay 279.2 284.1 4.9
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SOIL PROFILE OF WELL W13
78
Fine grand 0.0 0.9 0.9
Clay and small rock 0.9 28.7 27.7
Sandstone 28.7 29.6 0.9
Hard brown clay 29.6 33.2 3.7
Brown clay, streaks rock 33.2 36.6 3.4
Hard brown clay 36.6 57.3 20.7
Hard brown clay streaks 
sandstone 57.3 89.9 32.6
Brown clay 89.9 90.5 0.6
Blue coarse gravel 90.5 93.0 2.4
Red clay 93.0 94.8 1.8
Red clay with gravel 94.8 95.4 0.6
Gravel and rock 95.4 123.4 28.0
Cemented gravel, hard 123.4 125.0 1.5
Hard red shale 125.0 133.2 8.2
Red clay, hard 133.2 135.9 2.7
Cemented gravel hard 135.9 137.2 1.2
Rock and clay 137.2 138.7 1.5
Red clay 138.7 154.2 15.5
Brown clay 154.2 174.0 19.8
Hard rock 174.0 178.0 4.0
Cemented sand and gravel 178.0 184.4 6.4
Cemented rock and gravel 184.4 195.4 11.0
Light sand and gravel, 
hard streaks 195.4 251.2 55.8
Cemented sand and gravel 251.2 266.1 14.9
Clay red 266.1 273.1 7.0
Cemented gravel 273.1 278.6 5.5
Clay red 278.6 316.1 37.5
Cemented gravel 316.1 320.6 4.6
Yellow clay 320.6 338.9 18.3
Gravel embedded in yellow 
clay 338.9 342.3 3.4
Cemented gravel 342.3 353.9 11.6
Red clay 353.9 365.5 11.6
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Top soil 0.0 0.3 0.3
Very hard caliche and white clay 0.3 15.2 14.9
Light brown clay and very hard streaks 
of caliche 15.2 59.1 43.9
Brown clay, some gravel to W 59.1 77.7 18.6
Hard red clay and cemented silt 77.7 83.5 5.8
Gravel to 2", some gray clay 83.5 99.1 15.5
Tight gravel to 8" and brown clay 99.1 112.2 13.1
Loose gravel to 6", some brown clay 112.2 115.8 3.7
Hard brown silty clay 115.8 117.0 1.2
Cemented sand and gravel to 1 " and 
some brown clay 117.0 121.3 4.3
Brown clay gravel embedded 121.3 126.8 5.5
Hard brown clay, some caliche 126.8 134.1 7.3
Caliche embedded gravel 134.1 135.9 1.8
Hard brown clay 135.9 139.0 3.0
Hard brown clay, some gravel to 4" 139.0 142.6 3.7
Caliche 142.6 144.5 1.8
Red clay 144.5 160.3 15.8
Sticky red clay, some gravel 160.3 167.0 6.7
Cemented gravel to 4" and brown clay 167.0 169.5 2.4
Tight gravel to 6", some brown clay 169.5 176.8 7.3
Tight sand and gravel to 4" 176.8 185.3 8.5
Sand, gravel & boulders 185.3 192.0 6.7
Tight sand & gravel to 4", some silty clay 192.0 208.5 16.5
Hard red clay, streaks of caliche and 
some gravel to 2" 208.5 213.4 4.9
Sand & gravel to 3" & brown clay 213.4 219.5 6.1
Tight gray sand & gravel to 3" 219.5 224.0 4.6
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Cemented sand and gravel to 6" 224.0 234.1 10.1
Tight gravel to 3" & brown silty sand 234.1 239.6 5.5
Cemented sand and gravel to 8" 239.6 245.1 5.5
Tight sand and gravel to 4", 
some brown clay 245.1 249.9 4.9
Fine cemented sand and gravel to 3" 249.9 257.9 7.9
Fine cemented sand and gravel to 3" 
and some brown clay 257.9 264.6 6.7
Fine sand and gravel to 4", 
some red clay 264.6 268.2 3.7
Red sandy clay and gravel to 2" 268.2 272.5 4.3
Sand and gravel to 3" and brown clay 272.5 274.9 2.4
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1
Gray clay 0.0 2.7 2.7
Caliche 2.7 3.7 0.9
W hite clay 3.7 10.7 7.0
Brown clay 10.7 16.8 6.1
W hite clay 16.8 29.6 12.8
Red clay 29.6 47.2 17.7
Sandstone 47.2 51.2 4.0
Red sandy clay 51.2 56.1 4.9
Sandstone 56.1 56.7 0.6
Clay 56.7 60.4 3.7
Red sandy clay 60.4 67.7 7.3
Sandstone 67.7 68.6 0.9
Sandy clay 68.6 71.3 2.7
Red sandy clay 71.3 76.8 5.5
Clay 76.8 81.7 4.9
Red sandy clay 81.7 93.9 12.2
Clay and gravel 93.9 95.7 1.8
Cemented gravel 95.7 103.0 7.3
Red clay and gravel 103.0 104.2 1.2
Cemented gravel 104.2 110.9 6.7
Red sand and gravel 110.9 112.8 1.8
Red sand and gravel 112.8 115.2 2.4
Cemented gravel 115.2 121.3 6.1
Red sandy clay 121.3 122.8 1.5
Cemented gravel 122.8 125.6 2.7
Red clay 125.6 127.4 1.8
Cemented gravel 127.4 129.2 1.8
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SOIL PROFILE USED FOR COMPUTER SIMULATION (part 1)
O' < --------------------
Soil abpyè the confining
300' layer consists of ciay, caliche îensëis and some 
gravel and sarid
91.44 m
10’ 3.05 m
545’
Sticky clay & some gravel
9.14 m
9.14 m
13.72 m
7.62 m
21.34 m
3.05 m
7.62 m
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545%
SOIL PROFILE USED FOR COMPUTER SIMULATION (part 2)
35’
110 ’
50’
50’
15’
15’
50’
1000 ’
10.67 m
33.53 m
15.24 m
15.24 m
4.57 m
4.57 m
15.24 m
4.57 m
7.62 m 
6.10 m
21.34 m
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SOIL PROPERTIES USED FOR COMPUTER SIMULATION
Soil above confining 
layer 2000.0 0.40 0.5 0.05 2700.0
Gravel & clay 1000.0 0.35 0.5 0.05 2650.0
Cemented gravel 5000.0 0.35 0.5 0.05 2680.0
Hard gravel 5350.0 0.35 0.5 0.05 2650.0
Gravel & rock 
& caliche 20000.0 0.35 0.5 0.05 2680.0
Hard clay & caliche 4500.0 0.45 0.5 0.05 2600.0
Cemented clay 
& gravel & caliche 
lenses
10000.0 0.45 0.5 0.05 2650.0
Clay 300.0 0.49 0.5 0.05 2600.0
Sticky clay & some 
grave! 300.0 0.45 0.5 0.05 2600.0
Cemented gravel 
& boulders 10000.0 0.35 0.5 0.05 2675.0
Hard cemented gravel 
sand & boulders 20000.0 0.35 0.5 0.05 2680.0
Sand, gravel & clay 5500.0 0.45 0.5 0.05 2680.0
Cemented gravel 
& boulder 10000.0 0.35 0.5 0.05 2650.0
Cemented sand, 
gravel, clay and 
boulder 8"
10000.0 0.45 0.5 0.05 2680.0
Cemented gravel 
& boulder 6“ 15000.0 0.35 0.5 0.05 2650.0
Cemented sand, 
gravel & some clay 15000.0 0.45 0.5 0.05 2680.0
Clay 300.0 0.49 0.5 0.05 2600.0
Cemented gravel 10000.0 0.35 0.5 0.05 2680.0
Clay 300.0 0.49 0.5 0.05 2600.0
Clay & caliche 25000.0 0.45 0.5 0.05 2600.0
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